Control of dimensionality has proven to be an effective way to manipulate the electronic properties of materials, thereby enabling exotic quantum phenomena, such as superconductivity, quantum Hall effects, and valleytronic effects. Another example is thermoelectricity, which has been theoretically proposed to be favorably controllable by reducing the dimensionality. Here, we verify this proposal by performing a systematic study on a gate-tuned 2D electron gas (2DEG) system formed at the surface of ZnO. Combining state-of-the-art electric-double-layer transistor experiments and realistic tight-binding calculations, we show that, for a wide range of carrier densities, the 2DEG channel comprises a single subband, and its effective thickness can be reduced to ∼1 nm at sufficiently high gate biases. We also demonstrate that the thermoelectric performance of the 2DEG region is significantly higher than that of bulk ZnO. Our approach opens up a route to exploit the peculiar behavior of 2DEG electronic states and realize thermoelectric devices with advanced functionalities.
T hermoelectric power generation is one of the key technologies for sustainable energy; thermal energy is converted into electric power under a temperature gradient through the Seebeck effect. The dimensionless figure of merit ZT is a parameter used to indicate the thermoelectric performance of materials. ZT is defined as (S 2 σ/κ)T, where S, σ, κ, and T denote the Seebeck coefficient, the electrical conductivity, the thermal conductivity, and the temperature, respectively. To realize high ZT values, there have been several suggestions to enhance S via an anomalous electronic density of states (1) (2) (3) going beyond the conventional 3D free-electron model. For example, Hicks and Dresselhaus theoretically proposed the confinement of carriers to very narrow 2D layers (4) . This is because the density of states for 2D electron gas (2DEG) is quantized into discrete values due to the formation of subbands, as schematically shown in the bottom of Fig. 1 , and this is expected to dramatically enhance S.
Such a low-dimensional confinement effect has been extensively investigated both experimentally (5) (6) (7) (8) and theoretically (4, (9) (10) (11) ; however, whether the 2D density of states directly enhances S in real materials is still elusive. The oxide semiconductor ZnO is an ideal target material for experimentally examining the relationship between the 2D density of states and the Seebeck effect. Bulk 3D ZnO has a nondegenerate and simple conduction-band structure (12) with a parabolic energy dispersion around the conduction band minimum. When we apply an electric field at the surface of ZnO incorporated into a field-effect transistor (FET), charge carriers are accumulated at the surface and the carrier density in the channel is controlled by the gate bias. Moreover, by using ionic liquids or electrolytes as gate dielectrics, it is feasible to apply an extremely large electric field at the liquid-solid interface; this leads to a sharp band bending at the surface of the target material and, consequently, to the formation of a high-density 2DEG. In other words, the thickness L 2D of the carrier accumulation layer is electrically tunable by the gate electric field, which enables efficient control of the dimensionality of the quantum-confined electron system. Therefore, investigation of ZnO-based FET and bulk ZnO allows a systematic comparison between the 2D and 3D Seebeck effects.
In this paper, we report the field-effect control of thermoelectric properties in ZnO. The electric-double-layer transistor configuration was used for the field-effect experiments, where ZnO single crystals and ionic liquid (in a gel form) were used as FET channels and gate dielectrics, respectively. Fig. 1 schematically illustrates the ion-gated transistor prepared for this study, where the gate-tuned S and sheet resistance R s are simultaneously measured. By applying the gate bias voltage V G to a gate electrode, redistribution of ions in the liquid dielectric occurs, forming an electric double layer with the surface charge accumulated at the interface. The realistic band structure calculations provided us with the charge distribution profile in the FET channel, showing that the electrons were strictly confined within a several-nanometer-thick region. Details of the device fabrication, experiments, and calculations are described in Methods and the Supporting Information (see also Figs. S1 and S2).
Results and Discussion
The electronic and thermoelectric properties are simultaneously controlled by the ionic gating. As shown in Fig. 2 , R s monotonically decreased with increasing V G . This large suppression of R s corresponds to a transition from insulating to metallic states, as reported in previous studies (13) . The absolute value jSj of the negative Seebeck coefficient reflecting the electron carriers also decreased with V G , accompanying the decrease of R s , which has been widely observed in general semiconductors. We also estimated the sheet carrier density N in the ion-gated ZnO from the Hall effect measurements (see the Supporting Information for the estimation of Significance Thermoelectric effects, the conversion of heat into electrical energy, reflect the profile of the electronic density of states. Therefore, the control of the dimensionality is a key strategy to obtaining higher thermoelectric power. The direct demonstration of the enhancement, however, has been elusive, partly because of the difficulties in preparation of low-dimensional materials with simple band structures. Here, we investigated the Seebeck effect of 2D electrons using the electric field effect. The ion-gating experiment and band calculation demonstrated that the field-induced 2D electrons on an oxide semiconductor ZnO exhibit a higher thermoelectric effect than bulk ZnO. Furthermore, our approach of electrically controlling thermopower provides an effective route to exploit the optimum conditions of thermoelectric properties.
N and the origin of the error bars). The values of N increased to as high as ∼ 7 × 10 13 cm −2 with increasing V G . Here, all of the experiments were carried out under vacuum, and the V G dependence of the transport properties was reversible, indicating that an electrostatic doping process likely occurred in the present experiment.
In field-effect devices, the accumulated carriers distribute along the direction perpendicular to the channel. To obtain the depth profile of the carriers in the ZnO-based FET channel, we performed first-principles-based realistic calculations by solving the Poisson-Schrödinger equation in a self-consistent manner (Methods). Fig. 3 A and B is the potential profiles V ðzÞ and the carrier density distribution nðzÞ for three typical N values. The strong electric field at the solid-liquid interface produced the bending of V ðzÞ. Here, z is the distance from the interface, and the direction of z is perpendicular to the interface. With increasing N, i.e., the gate electric field, the gradient of V ðzÞ became steeper, which caused the carriers to be confined closer to the interface, as shown in Fig. 3B . Fig. 3C shows the variation of L 2D , which we defined as the z position where d 2 n/dz 2 = 0, as a function of N. It is clearly seen that the thickness L 2D was effectively reduced from ∼ 5 nm at N = 10 12 cm −2 to ∼ 1 nm at N = 10 14 cm
. This result is consistent with the Debye length and the ThomasFermi screening length with the static dielectric constant of 8.49 (14) and the effective mass of 0.28 m 0 (15) (16) (17) for ZnO, where m 0 is the free-electron mass, as shown in Fig. S3 (see the Supporting Information for detail). Those simple screening lengths are good measures of the carrier distributions in FET structures. In addition, the calculation shows a good agreement with the experimental estimations of the carrier accumulation layer in other ion-gated transistors, less than ∼ 2 nm (18) (19) (20) (21) (22) , which were investigated by the quantum capacitance (18, 19) and the upper critical field of superconductivity (20-22) (see Table S1 ).
The theoretical analysis clarified the carrier density profile, which allows us to evaluate the thermoelectric parameters as a function of the volume carrier density n. Fig. 4A plots the n dependence of jSj, where n was deduced from the experimental values of N and the calculation of L 2D to be n = N/L 2D . It is shown that the thermopower was successfully controlled in a very wide n range from 10 18 cm −3 to 10 21 cm −3 . Plotted together in the figure is jSj for the chemically doped bulk ZnO (23) (24) (25) (26) . Surprisingly, jSj in the ion-gated ZnO was larger than that in chemically doped bulk ZnO in the entire n range; this strongly suggests that the thermoelectric response was enhanced due to the 2DEG formation.
In general, when the conduction electrons are confined in a very narrow 2D layer, the density of states is quantized along with the formation of subbands. The density of states for 2D free electrons is Am/(πZ 2 ), where A is the area of the system, m is the free-electron mass, and Z is the Dirac constant. Therefore, the density of states per volume for a 2D system is m/(πZ 2 L 2D ). Here, we note that the density of states for a 2D subband can be larger than that for a 3D band when n and L 2D are small, as schematically shown in Fig. 1 . In other words, the Fermi level E F measured from the band edge in 2D density of states is reduced compared with that in 3D density of states. According to the well-known Cutler-Mott formula for the Seebeck effect, S is described under the free-electron approximation as (27) 
where k B is the Boltzmann constant and e is the positive electron charge. Those equations demonstrate that the reduction of E F by modifying the density of states enhances S. comparable to that in the previous reports for ion-gated ZnO (13) . Electrical and thermoelectrical transport properties were simultaneously controlled by V G . Both the Seebeck coefficient S (the absolute values jSj) and the sheet resistance R s monotonically decreased with increasing V G , i.e., the carrier density, which is typical behavior in general semiconductors.
We performed simple simulations with Eqs. 1-3. in Fig. 4 C-E to understand the difference of the Seebeck effect for the 3D (bulk) and the 2D (ion-gated) ZnO (see the Supporting Information for detail). Because the equations are applicable only when E F is well degenerate, the n range focused on here is from n = 1 × 10 19 cm −3 to 1 × 10 21 cm −3 . Fig. 4C shows the simulation of the Seebeck coefficient S 3D for a 3D density of states (Eq. 2) and S 2D for a 2D density of states (Eq. 3), where the carrier density dependence of L 2D for the ion-gated ZnO (Fig. 3C ) was included. We found that jS 2D j was always larger than jS 3D j in the carrier density region focused on here, which is in fair agreement with the experimental observation shown in Fig. 4A . In the rigid band 2D systems, where the density of states is flat and independent of the carrier density, jS 2D j would become smaller than jS 3D j when the carrier density increases. The 2D electrons studied here, however, were formed in an FET configuration, and L 2D decreases with increasing n (i.e., N or V G ), as shown in Fig. 3C . Therefore, the 2D density of states per volume, m/(πZ 2 L 2D ), increases with increasing n, resulting in the effective enhancement of jS 2D j at high carrier density regions. Fig. 4D shows the enhancement ratio defined as S 2D /S 3D . We found that the enhancement ratio in simulations (∼ 1.5) was much smaller than that in experiments (∼ 3). For quantitative arguments, the more accurate estimations of S are of crucial importance. Also, we note that S 2D is very sensitive to L 2D . Fig. 4E shows the variation of S 2D as a function of L 2D for n = 5 × 10 19 cm
, where S 2D dramatically developed with decreasing L 2D . The large discrepancy may suggest that the gate-induced carriers are more strictly confined than expected from the calculation in Fig. 3C .
Using the realistic tight-binding supercell calculations, incorporating the near-surface band bending potential obtained from a selfconsistent solution of the Poisson equation (Methods), we obtained the electronic structures of the 2DEG subbands at various carrier densities. It is worth noting that our theoretical approach has already been applied to a variety of 2DEG systems and has been proven to successfully reproduce the experimental data (28) (29) (30) . Fig. 3 D- , the bending potential V ðzÞ only confined a single subband. This originates from the fact that the conduction band in bulk ZnO is formed of Zn-4s orbital, which is highly dispersive along all k directions. In such a single-subband structure, the quantum confinement into a single subband leads to a drastic enhancement of the Seebeck effect, as exemplified in Fig. 4A . In addition, the calculation results imply that the carrier density dependence of S does not show oscillations. In usual 2D systems, where 2D multisubbands structures are independent of the carrier density, oscillatory behavior of S would be expected when the Fermi level crosses the step edges of the subbands. In the ion-gated ZnO, however, the fieldinduced electrons are confined into only the first subband, which does not induce the oscillation of S, as we do not observe it in experimental data in Fig. 4A . This situation is totally different from the conduction band structure in SrTiO 3 . It has been reported that the SrTiO 3 -based FETs do not show the enhancement of S except for the extremely large carrier density region above N ∼ 3 × 10 14 cm −2 (7, 31) . The difference from the present ZnO-based ion-gated FET is ascribed to the subband structures formed in a different manner. Due to the larger dielectric constant of SrTiO 3 (32) than that of ZnO (14) , the thickness L 2D becomes larger and is typically more than 10 nm when N is smaller than ∼ 1 × 10 14 cm −2 (7, 33) . In addition, the conduction band of SrTiO 3 derives from the degenerated t 2g orbitals of Ti. Those characteristics result in the formation of a multisubband structure in SrTiO 3 (33) , where the carriers behave more or less 3D-like, contrary to the single subband in ZnO.
The present study provides a solid proof of the theoretical prediction that the low-dimensional density of states can enhance the thermoelectric effect (4) . Until now, the enhancement of S has been experimentally observed in several low-dimensional systems such as PbTe-based (5) and SrTiO 3 -based (6, 7) heterostructures. However, despite the successful observation of large thermoelectric effects, the mechanism of the enhanced S is highly controversial. This is because E F in the mother 3D semiconductors of those 2D systems is located in energy-degenerated conduction bands, and thus the obtained 2D density of states is not necessarily favorable for the enhancement of the Seebeck effect. Indeed, a calculation showed that the energy degeneracy in a PbTe/Pb 1−x Eu x Te quantum well is lifted due to the formation of the 2D subbands, and the enhancement in S is explained by the energy dependence of the The values of jSj in the ion-gated ZnO were larger than those in bulk ZnO (23) (24) (25) (26) . The volume carrier density n for the ion-gated ZnO was estimated as n = N/L 2D , where N is the sheet carrier density (Fig. 2) , and L 2D is the carrier accumulation thickness (Fig. 3C ). (B) Carrier density dependence of thermoelectric power factor, which is defined as S 2 σ, where σ is the electrical conductivity. The ion-gated ZnO showed larger values than those of bulk ZnO, as expected from the enhanced S shown in A. relaxation time for the light and heavy subbands (11) . In this study, we successfully compared the Seebeck effect for a single 3D band and for a single 2D subband, which was realized by choosing ZnO as a target material. Here it is noted that the present study is based on the realistic band calculations for the estimation of L 2D , because the experimental methods of determining the accumulation layer thickness have not been established. In this situation, the present result is not a pure experimental proof, and underestimation of L 2D and thus overestimation of S for a given n cannot be completely ruled out. For further confirmation of the enhanced Seebeck effect through the 2D density of states, new approaches of the estimation of L 2D as well as the application to other materials are highly demanded.
Finally, we comment on optimization of the thermoelectric properties. In general, the values of jSj (σ) decrease (increase) with increasing n; therefore, the power factor S 2 σ of thermoelectric materials has a maximum at some carrier densities, which is typically at around n = ∼ 10 19 to 10 20 cm . In the case of the doped bulk ZnO, the electronic mobility (i.e., σ) strongly depends on the fabrication process; thus, the value of ðS 2 σÞ 3D does not show a systematic trend with respect to n. Our technique that controls S and optimizes S 2 σ by ionic gating is applicable to other semiconductors in an effort to search for high-performance thermoelectric properties from among a wide variety of materials.
Methods
Device Fabrication. We fabricated ion-gated FET devices on a (0001) surface of ZnO. The single-crystal ZnO was purchased from Furuuchi Chemical Co. and annealed before the device preparation to obtain an atomically flat surface. The device structure used in this study is schematically shown in Fig. 1 . Ti/Au electrodes with thicknesses of 5/50 nm were evaporated to form a drain electrode D and a source electrode S. An ion-gel sheet, which works as a gate dielectric, was cut and put on the ZnO surface, bridging the D and S electrodes. The ion gel was prepared in a conventional way (34) and contained 1-ethyl-3-methylimidazolium (EMI+) and bis(trifluoromethylsulfonyl)imide as the cation and anion, respectively. A gold film was deposited on top of them, working as a gate electrode G. Typical sizes of the ZnO single crystal, the D (S) electrode, and the ion-gel sheet were 5 mm × 3 mm, 0.6 mm × 0.7 mm, and 2 mm × 1.5 mm, respectively.
Thermoelectric Measurements Under Gate Biases. As shown in Fig. 1 , a heater and a cold finger were attached to either side of the device to produce a thermal gradient. Two thermocouples were attached at both edges of the FET channel to monitor the temperature difference ΔT. The temperature difference ΔT (0-1 K) and the thermal voltage ΔV between D and S were measured, and the values of S were evaluated from the slope of the ΔV-ΔT plots. This device configuration allowed us to measure R s and S simultaneously (31).
Calculations. Relativistic electronic structure calculations were carried out within the context of density functional theory using the Perdew-BurkeErnzerhof exchange-correlation functional modified by the Becke-Johnson potential and an augmented plane wave plus atomic orbitals, as implemented in the WIEN2k program (35) . For all atoms, the muffin-tin radius RMT was chosen such that the product of RMT and the maximum modulus of reciprocal vectors K max became RMT · K max = 7.0. The Brillouin zone was sampled by a 12 × 12 × 6 k mesh. To simulate the effect of band bending, a 120-unit tight-binding supercell Hamiltonian was constructed by downfolding the ab initio Hamiltonian using the maximally localized Wannier functions (36, 37) with additional on-site potential terms to account for band bending via an electrostatic potential variation. We chose the conduction 4s orbital of Zn as the projection center of the Wannier functions. The bending potential was obtained by self-consistently solving Poisson's equation with a static dielectric constant of 8.49 (14) .
